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Chapter 1
Quantum Wells in Photovoltaic Cells
C Rohr, P Abbott, I M Ballard, D B Bushnell, J P Connolly, N J Ekins-
Daukes, K W J Barnham
Experimental Solid State Physics, Imperial College London, U.K.
1.1 Introduction
The fundamental efficiency limit of a single bandgap solar cell is about
31% at one sun with a bandgap of about Eg = 1.35 eV [1], determined
by the trade-off of maximising current with a smaller bandgap and voltage
with a larger bandgap. Multiple bandgaps can be introduced to absorb
the broad solar spectrum more efficiently. This can be realised in multi-
junction cells, for example, where two or more cells are stacked on top
of each other either mechanically or monolithically connected by a tunnel
junction. An alternative – or complementary (see section 1.4) – approach
is the quantum well cell (QWC).
1.2
(QWs) are thin layers of lower bandgap material in a host material with
a higher bandgap. Early device designs placed the QWs in the doped
regions of a p-n device [2], but superior carrier collection is achieved when
an electric field is present across the QWs. More recent QWC designs have
employed a p-i-n structure [3] with the QWs located in the intrinsic region;
a schematic bandgap diagram is shown in figure 1.1. The carriers escape
from the QWs thermally and by tunnelling [4, 5, 6].
The photocurrent is enhanced in a QWC compared to a cell made with-
out QWs also known as barrier control, and experimentally it is observed
that the voltage is enhanced compared with a bulk cell made of the QW
material [7]. Hence QWCs can enhance the efficiency if the photocurrent
enhancement is greater than the loss in voltage [8]. The potential for an
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Figure 1.1. Schematic bandgap diagram of a Quantum Well Cell. The absorp-
tion threshold is determined by the lowest energy levels in the quantum wells.
Carriers escape thermally assisted and by tunnelling.
efficiency enhancement is also discussed in references [9, 10]. The number
of QWs is limited by the maximum thickness of the i-region maintaining
an electric field across it. QWCs have been investigated quite extensively,
both on GaAs as well as on InP substrates, and have been discussed in
some detail also in references [11, 12].
Historically, the first p-i-n QWCs were in the material system Al-
GaAs/GaAs (barrier/well) on GaAs [13, 14, 15, 16, 17]. AlGaAs is closely
lattice-matched to GaAs and the bandgap can be easily varied by changing
the Al fraction (see figure 1.2) up to about 0.7 where the bandgap becomes
indirect. However the material quality particularly that of AlGaAs is rela-
tively poor because of contamination during the epitaxial growth, leading
to a high number of recombination centres and hence a high dark current.
An alternative material to AlGaAs is InGaP which has better material
quality, and an InGaP/GaAs QWC has been demonstrated [18]. However,
the ideal single bandgap for a 1 sun solar spectrum is Eg = 1.35 eV, as
indicated in figure 1.2, while GaAs has a bandgap of Eg = 1.42 eV and
that of AlGaAs is still higher. The second material should therefore have a
smaller bandgap than GaAs to absorb the longer wavelength light, keeping
in mind that the quantum confinement raises the effective bandgap of the
QWs.
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Figure 1.2. Lattice constant versus bandgap for In1−xGaxAsyP1−y and AlGaAs
compounds. Also indicated is the optimum bandgap for a single-bandgap PV cell
under 1 sun, and the emission peaks of selective emitters Thulia and Holmia.
GaAs/InGaAs QWCs fulfil this criterion and they have been studied
quite extensively [19, 20, 21, 22, 23, 24]. However, because InGaAs has
a larger lattice constant than GaAs (see figure 1.2) it is strained. If the
strain exceeds a critical value relaxation occurs at the top and bottom of
the MQW stack, and the dislocations result in an increase in recombination
and hence increased dark current [22]. This limitation means that strained
GaAs/InGaAs QWCs cannot improve the efficiency compared to GaAs
control cells [24].
Strain compensation techniques can be used to overcome this problem
(see section 1.3), and QWCs in the material system GaAsP/InGaAs on
GaAs have been investigated [25, 24, 26, 27, 28, 29]. These devices are also
very suitable as bottom cells in a tandem configuration (see section 1.3).
QWCs based on InP are of interest for solar as well as for thermo-
photovoltaic (TPV) applications. First, material combinations such as
InP/InGaAs were investigated [30, 31, 32, 6], which was then extended
to quaternary material (lattice-matched to InP) InP/In1−xGaxAsyP1−y
(x = 0.47y) [33, 34, 35].
As in the GaAsP/InGaAs system on GaAs, strain compensation tech-
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niques have been employed in In1−xGaxAs/In1−zGazAs QWCs on InP
[36, 37, 38, 39, 40, 41].
QWCs have practical advantages due to both quantised energy levels
and the greater flexibility of choice of materials. In particular, this allows
engineering of the bandgap to better match the incident spectrum. The
absorption threshold can be varied by changing the width of the QW and/or
by changing its material composition.
This flexibility can be further increased by employing strain compen-
sation techniques which are explained in more detail in Section section 1.3.
In this way, longer wavelengths for absorption can be achieved than what
is possible with lattice-matched bulk material, allowing optimisation of the
bandgap.
The application of QWCs (based on InP) for thermophotovoltaics is
discussed in section 1.6. For TPV applications the same concept of strain
compensation can be applied to extend the absorption to longer wave-
lengths. This is important for relatively low temperature sources combined
with appropriate selective emitters for example based on Holmia or Thulia.
Several studies indicate that QWCs have a better temperature depen-
dence of efficiency than bulk cells [16, 42, 43, 44].
1.3 Strain compensation
In order to avoid strain relaxation, strain compensation techniques, first
proposed by Matthews and Blakeslee [45], can be used to minimise the
stress at the interface between the substrate and a repeat unit of two layers
with different natural lattice constants. Layers with larger and smaller
natural lattice constant compared to the substrate result in compressive
and tensile strain respectively as shown in figure 1.3. When these two layers
are strained against each other, the strain is compensated and the net force
exerted on the adjacent layers is reduced. Therefore the build up of strain
in a stack can be reduced, and hence its critical thickness is increased so
that more such repeat units can be grown on top of each other without
relaxation. If the strain compensation conditions are optimised to give
zero stress at the interfaces between the repeat units, an unlimited number
of periods can be grown in principle. In addition each individual layer has
to remain below its critical thickness which means that this concept can
only be used for thin layers such as quantum wells.
This technique is very suitable for multi quantum well structures; the
barriers and wells are made of different materials with larger and smaller
bandgaps but they can also have smaller and larger lattice constants (see
figure 1.2), i.e. with tensile and compressive strain respectively (see fig-
ure 1.3 and figure 1.4). That means strained materials can be used for the
quantum wells in order to reach lower bandgaps without compromising the
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Figure 1.3. Schematic diagram of strain compensation: the natural lattice
constant of GaAsP (a1) is smaller than that of the GaAs substrate (a0), and
GaAsP barriers are therefore tensile strained, while the natural lattice constant
of InGaAs (a2) is larger, and hence InGaAs QWs are compressively strained.
quality of the device as dislocations are avoided. This technique, which
extends the material range allowing further bandgap engineering, was first
applied to photovoltaics in GaAsP/InGaAs QWCs [25].
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Figure 1.4. Bandgap diagram of a strain compensated QWC with InGaAs QWs
and GaAsP barriers.
For highly strained layers the difference in elastic constants becomes
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significant and it needs to be taken into account when considering the
conditions for zero stress [46]. The strain for each layer i is
ǫi =
a0 − ai
ai
(1.1)
where a0 is the lattice constant of the substrate and ai the natural lattice
constant of layer i. The zero-stress strain-balance conditions are as follows:
ǫ1t1A1a2 + ǫ2t2A2a1 = 0 (1.2)
a0 =
t1A1a1a
2
2 + t2A2a2a
2
1
t1A1a
2
2 + t2A2a
2
1
(1.3)
where A = C11 + C12 −
2C2
12
C11
with elastic stiffness constants C11 and C12,
different for each layer, depending on the material.
The strain energy must be kept below a critical value, however, to
avoid the onset of three-dimensional growth [47]. Lateral layer thickness
modulations, particularly in the tensile strained material (i.e. barriers), are
origins of dislocations and result in isolated highly defected regions if the
elastic strain energy density reaches a critical value. In practice the strain
balancing puts stringent requirements on growth.
1.4 QWs in Tandem Cells
In tandem cells two photovoltaic cells with two different bandgaps are
stacked on top of each other. The bandgaps of the two cells can be op-
timised for the solar spectrum [48], and a contour plot of efficiency as a
function of top and bottom cell bandgaps is shown in figure 1.5 for an AM0
spectrum. Tandem cells can be grown monolithically on a single substrate,
connected with a tunnel junction. The top and bottom cell are connected
in series, which means that the lower photocurrent of the two cells deter-
mines the current of the tandem device. Monolithic growth requires that
the materials are lattice matched in order to avoid relaxation. A tandem
with a GaInP top cell lattice matched to a GaAs bottom cell does not have
the optimum bandgap combination as one can see in figure 1.5, and there
is no good quality material available with a smaller bandgap than GaAs
having the same lattice constant.
The standard approach to matching the currents in the GaInP/GaAs
tandem is by thinning the top cell so that enough light is transmitted to the
bottom cell to generate more current there [49]. This is not an optimum
configuration, however, as the quantum efficiency of the top cell is reduced
and in addition there are losses in the bottom cell due to more high-energy
carriers relaxing to the bandedge.
It is possible to grow a virtual substrate, where the lattice constant
is relaxed and the misfit dislocations are largely confined to electrically
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Figure 1.5. Contour plot of tandem cell efficiency as a function of top and
bottom cell bandgaps.
inactive regions of the device. In this way the lattice constant can be
changed before growing the tandem. But the bottom and top cell of the
tandem should still be lattice matched with respect to each other and
hence the combination of bandgaps is restricted indicated with a line in
figure 1.5; the optimum where the currents in both cells are matched cannot
be reached in general. Several groups have grown samples that fall on that
line in figure 1.5 [50, 51].
QWs extend the absorption and therefore increase the photocurrent
compared with a barrier control; hence a GaAs/InGaAs QWC generates
more current than a GaAs cell and can be better matched to a GaInP top
cell in a tandem cell under the solar spectrum [17, 23, 52, 53]. However,
as mentioned in section 1.2, the voltage deteriorates due to the formation
of misfit dislocations with increasing strain when incorporating strained
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InGaAs QWs [22].
Strain compensated QWCs offer an attractive solution in that the link
between lattice matching and bandgap is decoupled [24]. The bandgap of
the bottom cell, for example, can be reduced with a strain compensated
QWC, which means that one can move along a horizontal line in figure 1.5
improving the efficiency of a tandem cell quite rapidly [25]. QWCs for both
the top and the bottom cell give an extra degree of freedom and optimisa-
tion of the bandgaps to obtain maximum efficiency becomes possible.
1.5 QWCs with light trapping
Not all the light is absorbed in the quantum wells because they are optically
thin and their number limited. Hence light trapping techniques to increase
the number of light passes through the MQW is desirable, boosting the
QW photo-response significantly. The simplest form is a mirror on the
back surface resulting in two light passes. Texturing the front or the back
surface can further increase the path length of the light, in particular if
the light is at a sufficiently large angle with respect to the normal so to
obtain internal reflections. Another option is to incorporate gratings into
the structure to diffract the light to large angles [54].
Light trapping is only desirable for the wavelength range where the
optically thin QWs absorb. Other parts of the cell are optically thick and
hence light trapping for photons with energies greater than the bandgap of
the bulk material has a minimal effect if any. The energy of photons that
are trapped but not absorbed (e.g. below bandgap photons) and additional
high-energy carriers relaxing to the bandedge contribute to cell heating and
are therefore undesirable.
A solution to this problem is to use a wavelength specific mirror such
as a distributed Bragg reflector (DBR) [29]. A DBR consists of alternating
layers of high and low refractive index material, each one-quarter of a
wavelength thick. Constructive interference occurs for the reflected light
of the design wavelength and adding periods to the DBR causes a higher
reflection due to the presence of more in-phase reflections from the added
interfaces. DBRs maintain a high reflectance within a region around the
design wavelength known as the stop-band. As the refractive index contrast
between the two materials in the DBR increases, the peak reflection rises
and the stop-band widens.
This technique is particularly attractive for multi-junction cells where
the second cell is a QWC with a DBR on an active Ge substrate. In
figure 1.6 the quantum efficiency of a typical QWC with 20 QW is shown
with and without a 20.5 period DBR, as well as the reflectance of the DBR;
the sample description of the QWC with DBR is given in table 1.1. The
quantum efficieny (QE) of the QWC with DBR in figure 1.6 is calculated
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from the measured QE and the calculated DBR reflectance. The DBR
reflects back only the relevant wavelength range that can be absorbed in
the MQW, significantly boosting its spectral response.
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Figure 1.6. Quantum efficiency of a 20 QW device with and without DBR, and
reflectance of the DBR.
As the stop-band of the DBR can be made quite abrupt, most longer
wavelength light is allowed through, so that an active Ge substrate as
a third junction can be employed, which would still produce more than
200 A/m2, more than enough photocurrent compared with the other two
junctions (see below). The transmission through to a Ge substrate of a
tandem cell with a GaInP top cell and a QWC with DBR as bottom cell
has been modelled with a multi-layer programme and is shown in figure 1.7
compared with a tandem having a GaAs p-n junction as a bottom cell. As
one can see the transmission of photons of energy below the bandgap of
the bottom cell is similarly high in both cases.
In table 1.2 the short-circuit current density Jsc for AM0 illumination
is shown for this QWC (20 QWs) with and without a 20.5 period DBR,
compared with a p-n control cell [29]. In a tandem configuration, assuming
a cut-off wavelength of 650 nm, corresponding to the bandgap of a GaInP
top cell, the p-n control cell is expected to have a typical Jsc of 158 A/m
2.
Introducing a QWC with DBR improves Jsc by 16% to 183 A/m
2, which
is much better current matched to the GaInP top cell. A commercial
triple-junction cell with GaInP top cell, a standard p-n GaAs junction and
QWCs with light trapping 10
Table 1.1. Sample description of QWC with DBR.
Layer Repeats Material Thickness (A˚) Doping Conc. (cm−3)
Cap 1 GaAs 2200 p 2× 1019
Window 1 Al0.8GaAs 450 p 1× 10
18
Emitter 1 GaAs 5000 p 2× 1018
i-region 1 GaAs 100
1
2
barrier 20 GaAsP0.06 210
QW 20 In0.17GaAs 70
1
2
barrier 20 GaAsP0.06 210
i-region 1 GaAs 100
Base 1 GaAs 24000 n 1.5× 1017
DBR 20 Al0.5GaAs 144 n 1× 10
18
DBR 20 AlAs 538 n 1× 1018
DBR 20 Al0.5GaAs 144 n 1× 10
18
DBR 20 Al0.13GaAs 520 n 1× 10
18
DBR 1 Al0.5GaAs 144 n 1× 10
18
DBR 1 AlAs 538 n 1× 1018
DBR 1 Al0.5GaAs 144 n 1× 10
18
Buffer 1 GaAs 1000 n 1.5× 1018
Substrate GaAs n
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Figure 1.7. Calculated transmission through to a Ge substrate of a tandem cell
with a GaInP top cell and as bottom cell a QWC with DBR, compared with a
tandem with a GaAs p-n bottom cell.
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an active Ge substrate has an AM0 efficiency of 26.0% [55]; if the GaAs
junction is replaced with a QWC with DBR the efficiency is calculated to
improve by about 3.4 percentage points or 13% to 29.4%.
Table 1.2. Short-circuit current densities Jsc and efficiencies for AM0 illumina-
tion. The tandem Jsc assumes a cut-off wavelength of 650 nm. The QWC has
20 QWs and the DBR 20.5 periods. The triple-junction efficiencies are based on
a device with a GaInP top cell and an active Ge substrate.
Jsc Tandem Jsc Triple-junction
Cell type (A/m2) (A/m2) efficiency
QWC with DBR 339 183 29.4%
QWC without DBR 330 171
p-n control 320 158 26.0% [55]
1.6 QWCs for Thermophotovoltaics
Thermophotovoltaics (TPV) is the same principle as photovoltaics but the
source is at a lower temperature than the sun, typically around 1500-2000
K instead of 6000 K, and much closer. In TPV applications often a combus-
tion process is used as heat source (e.g. using fossil fuels or biomass), but
other heat sources such as nuclear, indirect solar or industrial high-grade
waste heat can be used too. Because the source has a lower temperature in
TPV, lower bandgap materials are required to absorb the (near-)infrared
light more efficiently. Often a selective emitter is introduced between the
source and the photovoltaic cells to obtain a narrow band as opposed to a
broad black or grey-body spectrum, increasing the cell conversion efficiency.
TPV is described in more detail for example in references [56, 57].
QWCs have advantages for TPV applications, and substantial progress
has been made in the development of QWCs for TPV focusing on InP-based
materials [58]. QWCs were first introduced for TPV applications indepen-
dently by Griffin et al [32] and Freundlich et al [59]. These InGaAs/InP
QWCs indicated better performance than InGaAs bulk cells, for example
enhancing Voc and improved temperature dependence. These are impor-
tant parameters in TPV, as the cells are very close to a hot source, and
the power densities are high giving rise to higher currents which may pose
series resistance problems. Further development of QWCs has been in the
quaternary system In1−xGaxAsyP1−y lattice-matched to InP (x = 0.47y),
with very good material quality, and which can be optimised for a rare-
earth selective emitter Erbia having a peak emission of about 1.5 µm, for
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example, but which is also attractive for hybrid solar-TPV applications
[34].
Many TPV systems operate at temperatures more suitable for longer
wavelength selective emitters such as Thulia and Holmia with peak emis-
sions of about 1.7 and 1.95 µm respectively. However, the smallest bandgap
achievable with lattice-matched material on InP is that of In0.53Ga0.47-
As with an absorption edge of about 1.7 µm (see figure 1.2.) Strain-
compensation techniques can be employed to extend the absorption, which
are unique to QWCs [36].
Figure 1.8. Experimental external quantum efficiency of TPV QWC devices
(plus a bulk In0.53Ga0.47As device) with successively longer absorption, including
a Thulia spectrum (arbitrary units).
In1−xGaxAs/In1−zGazAs strain-compensated QWCs have been shown
to extend the absorption (see figure 1.8) while retaining a dark current
similar to an In0.53Ga0.47As bulk cell , and lower than that of a GaSb cell
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with similar bandgap (see figure 1.9) [37, 39]. A 40 QW In1−xGaxAs/In1−z-
GazAs strain-compensated QWC was designed for a Thulia emitter [41],
absorbing out to 1.97 µm as shown in figure 1.8. Absorption beyond 2 µm
has been achieved with a 2 QW cell, although in this case the collection
efficiency was incomplete except at high temperatures and reverse bias [38].
Figure 1.9. Dark current densities of TPV cells.
A mirror at the back can significantly increase the contribution of the
QWs as discussed in section 1.5. Back reflection is particularly important
as a form of spectral control in a TPV system, as below-bandgap photons
are reflected back to the source increasing the system efficiency. We observe
a back reflectivity of about 65% just from a standard gold back contact [39].
As an alternative, Si/SiGe QWCs were grown for TPV applications,
but the absorption of the SiGe QWs is very low [60].
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1.7 Conclusions
The primary advantage of incorporating quantum wells in photovoltaic
cells is the flexibility offered by bandgap engineering by varying QW width
and composition. The use of strain-compensation further increases this
flexibility by extending the range of materials and compositions that can be
employed to achieve absorption thresholds at lattice constants that do not
exist in bulk material. In a tandem or multi-junction configuration QWCs
allow current matching and optimising the bandgaps for higher efficiencies.
Light trapping schemes are an important technique to boost the quan-
tum efficiency in the QWs. DBRs are particularly suited for QWCs in
multi-junction devices, allowing light transmission to the lower bandgap
junctions underneath.
The flexibility of materials, in particular with strain compensation,
combined with the enhanced performance of QWCs make them especially
suitable for TPV. QWCs are unique in that the absorption can be extended
to wavelengths unattainable for lattice-matched bulk cells, while retaining
a similar dark current. Strain-compensated QWCs can be optimised for
long-wavelength selective emitters such as Thulia.
References
[1] Henry C H 1980 Limiting efficiencies of ideal single and multiple energy gap
terrestrial solar cells J. Appl. Phys. 51 4494–4500
[2] Chaffin R, Osbourn G, Dawson L and Biefeld R 1984 Strained superlat-
tice, quantum well, multijunction photovoltaic cells Proc. 17th IEEE PV
Specialists Conf. (USA: IEEE) pp 743–746
[3] Barnham K W J and Duggan G 1990 A new approach to high-efficiency
multi-band-gap solar cells J. Appl. Phys. 67 3490–3493
[4] Nelson J, Paxman M, Barnham K W J, Roberts J S and Button C 1993
Steady state carrier escape from single quantum wells IEEE J. of Quan-
tum Electronics 29 1460–1467
[5] Barnes J, Tsui E S M, Barnham K W J, McFarlane S C, Button C and
Roberts J S 1997 Steady state photocurrent and photoluminescence from
single quantum wells as a function of temperature and bias J. Appl. Phys.
81 892–900
[6] Zachariou A, Barnes J, Barnham K W J, Nelson J, Tsui E S M, Epler J and
Pate M 1998 A carrier escape study from InP/InGaAs single quantum
well solar cells J. Appl. Phys. 83 877–881
[7] Barnham K W J, Connolly J, Griffin P, Haarpaintner G, Nelson J, Tsui E,
Zachariou A, Osborne J, Button C, Hill G, Hopkinson M, Pate M, Roberts
J S and Foxon T 1996 Voltage enhancement in quantum well solar cells
J. Appl. Phys. 80 1201–1206
[8] Barnham K, Ballard I, Barnes J, Connolly J, Griffin P, Kluftinger B, Nelson
J, Tsui E and Zachariou A 1997 Quantum well solar cells Applied Surface
Science 113/114 722–733
Conclusions 15
[9] Anderson N 2002 On quantum well solar cell efficiencies Physica E: Low-
dimensional Systems and Nanostructures 14 126–131
[10] Honsberg C, Bremner S and Corkish R 2002 Design trade-offs and rules for
multiple energy level solar cells Physica E: Low-dimensional Systems and
Nanostructures 14 136–141
[11] Nelson J 1995 Quantum-well structures for photovoltaic energy conversion
Physics of Thin Films vol 21 ed M Francome and J Vossen (New York:
Academic Press) pp 311–368
[12] Nelson J 2001 QuantumWell Solar Cells Clean Electricity from Photovoltaics
ed M D Archer and R Hill (London: Imperial College Press) pp 71–87
[13] Barnham KW J, Braun B, Nelson J, Paxman M, Button C, Roberts J S and
Foxon C T 1991 Short-circuit current and energy efficiency enhancement
in a low-dimensional structure photovoltaic device Appl. Phys. Lett. 59
135–137
[14] Fox A, Ispasoiu R, Foxon C, Cunningham J and Jan W 1993 Carrier escape
mechanisms from GaAs/AlGaAs multiple quantum wells in an electric
field Appl. Phys. Lett. 63 2917
[15] Paxman M, Nelson J, Braun B, Connolly J, Barnham K W J, Foxon C T
and Roberts J S 1993 Modeling the spectral response of the quantum well
solar cell J. Appl. Phys. 74 614–621
[16] Aperathitis E, Scott C G, Sands D, Foukaraki V, Hatzopoulos Z and Panay-
otatos P 1998 Effect of temperature on GaAs/AlGaAs mulitple quantum
well solar cells Materials Science and Engineering B51 85–89
[17] Connolly J P, Barnham K W J, Nelson J, Roberts C, Pate M and Roberts
J S 1998 Short circuit current enhancement in GaAs/AlGaAs MQW solar
cells Proc. 2nd World PV Energy Conversion Conf., Vienna (Ispra, Italy:
European Commission) pp 3631-3634
[18] Zachariou A, Barnham K W J, Griffin P, Nelson J, Osborne J, Hopkinson M
and Pate M 1998 GaInP/GaAs quantum well solar cells Proc. 2nd World
Conf. and Exhibition on Photovoltaic Solar Energy Conversion, Vienna
(Ispra, Italy: European Commission) pp 223–226
[19] Barnes J, Ali T, Barnham K W J, Nelson J and Tsui E S M 1994 Gallium
Arsenide/Indium Gallium Arsenide Multi-Quantum Well solar cells Proc.
12th European PV Solar Energy Conf., Amsterdam (Bedford, U.K.: H.S.
Stephens & Associates) pp 1374–1377
[20] Ragay F, Wolter J, Mart´ı A and Arau´jo G 1994 Experimental analysis of
the efficiency of MQW solar cells 12th European Photovoltaic Solar Energy
Conf., Amsterdam (Bedford, U.K.: H.S. Stephens & Associates) pp 1429–
1433
[21] Barnes J, Nelson J, Barnham K, Roberts J, Pate M, Grey R, Dosanjh S,
Mazzer M and Ghiraldo F 1996 Characterization of GaAs/InGaAs quan-
tum wells using photocurrent spectroscopy J. Appl. Phys. 79 7775–7779
[22] Griffin P R, Barnes J, Barnham K W J, Haarpainter G, Mazzer M, Zanotti-
Fregonara C, Grunbaum E, Olson C, Rohr C, David J P R, Roberts J S,
Grey R and Pate M A 1996 Effect of strain relaxation on forward bias
dark currents in GaAs/InGaAs multiquantum well p-i-n diodes J. Appl.
Phys. 80 5815–5820
[23] Freundlich A and Serdiukova I 1998 Multi-quantum well tandem solar cells
Conclusions 16
with efficiencies exceeding 30% AM0 Proc. 2nd World Conf. and Exhi-
bition on Photovoltaic Solar Energy Conversion, Vienna (Ispra, Italy:
European Commission) p 3707
[24] Ekins-Daukes N, Barnes J, Barnham K, Connolly J, Mazzer M, Clark J,
Grey R, Hill G, Pate M and Roberts J 2001 Strained and strain-balanced
quantum well devices for high efficiency tandem solar cells Solar Energy
Materials and Solar Cells 68 71–87
[25] Ekins-Daukes N, Barnham K, Connolly J, Roberts J, Clark J, Hill G and
Mazzer M 1999 Strain-balanced GaAsP/InGaAs quantum well solar cells
Appl. Phys. Lett 75 4195–4197
[26] Ekins-Daukes N, Bushnell D, Zhang J, Barnham K and Mazzer M 2000
Strain-balanced materials for high-efficiency solar cells Proc. 28th IEEE
PV Specialists Conf., Anchorage (USA: IEEE) pp 1273–1276
[27] Bushnell D, Ekins-Daukes N, Mazzer M, Connolly J, Barnham K, Roberts
J, Clark J, Hill G and Forbes I 2000 GaAsP/InGaAs strain-balanced
quantum well solar cells Proc. 16th European Photovoltaic Solar Energy
Conf., Glasgow (London, U.K.: James & James) vA3.5
[28] Ekins-Daukes N, Bushnell D, Barnham K, Connolly J, Nelson J, Mazzer M,
Roberts J, Hill G and Airey R 2001 Factors controlling the dark current
of strain-balanced GaAsP/InGaAs multi-quantum well p-i-n solar cells
Proc. 17th European Conf. and Exhibition on PV Solar Energy, Munich
(Munich: WIP) pp 196–199
[29] Bushnell D, Ekins-Daukes N, Barnham K, Connolly J, Roberts J, Hill G,
Airey R and Mazzer M 2003 Short-circuit current enhancement in Bragg
stack multi-quantum-well solar cells for multi-junction space applications
Solar Energy Materials and Solar Cells 75 299–305
[30] Freundlich A, Rossignol V, Vilela M, Renaud P, Bensaoula A and Medelci
N 1994 InP-based quantum well solar cells grown by chemical beam epi-
taxy Proc. 1st World Conf. and Exhibition on Photovoltaic Solar Energy
Conversion, Hawaii (USA: IEEE) pp 1886–1889
[31] Zachariou A, Barnham K W J, Griffin P, Nelson J, Button C C, Hopkinson
M, Pate M and Epler J 1996 A new approach to p-doping and the obser-
vation of efficiency enhancement in InP/InGaAs quantum well solar cells
Proc. 25th IEEE PV Specialists Conf., Washington DC (USA: IEEE) pp
113–116
[32] Griffin P, Ballard I, Barnham K, Nelson J, Zachariou A, Epler J, Hill G, But-
ton C and Pate M 1997 Advantages of quantum well solar cells for TPV
Thermophotovoltaic Generation of Electricity: 3rd NREL Conf., Colorado
Springs vol 401 of AIP Conf. Proc. ed T J Coutts et al (Woodbury, New
York: American Institute of Physics) pp 411–422
[33] Griffin P, Ballard I, Barnham K, Nelson J, Zachariou A, Epler J, Hill G,
Button C and Pate M 1998 The application quantum well solar cells to
thermophotovoltaics Solar Energy Materials and Solar Cells 50 213–219
[34] Rohr C, Connolly J P, Barnham K W J, Griffin P R, Nelson J, Ballard
I, Button C and Clark J 1999 Optimisation of InGaAsP quantum well
cells for hybrid solar-thermophotovoltaic applications Thermophotovoltaic
Generation of Electricity: 4th NREL Conf., Denver vol 460 of AIP Conf.
Proc. ed T J Coutts et al (Woodbury, New York: American Institute of
Conclusions 17
Physics) pp 83–92
[35] Raisky O Y, Wang W B, Alfano R R, C L Reynolds J, Stampone D V and
Focht M W 1998 In1−xGaxAs1−yPY /InP multiple quantum well solar cell
structures J. Appl. Phys. 84 5790–5794
[36] Rohr C, Barnham K W J, Connolly J P, Nelson J, Button C and Clark
J 2000 Potential of InGaAsP quantum well cells for thermophotovoltaics
Proc. 26th Int. Symp. on Compound Semiconductors, Berlin no 166 in
Institute of Physics Conf. Series (Bristol and Philadelphia: Institute of
Physics Publishing) pp 423–426
[37] Rohr C, Connolly J, Barnham K W, Mazzer M, Button C and Clark J 2000
Strain-balanced In0.62Ga0.38As/In0.47Ga0.53As (InP) quantum well cell
for thermophotovoltaics. Proc. 28th IEEE Photovoltaic Specialists Conf.,
Anchorage (USA: IEEE) pp 1234–1237
[38] Rohr C, Connolly J P, Ekins-Daukes N, Abbott P, Ballard I, Barnham K W,
Mazzer M and Button C 2002 Ingaas/ingaas strain-compensated quantum
well cells for thermophotovoltaic applications Physica E: Low-dimensional
Systems and Nanostructures 14 158–161
[39] Abbott P, Rohr C, Connolly J P, Ballard I, Barnham K, Ginige R, Corbett
B, Clarke G, Bland S W and Mazzer M 2002 A comparative study of bulk
InGaAs and InGaAs/InGaAs strain-compensated quantum well cells for
thermophotovoltaic applications Proc. 29th IEEE PV Specialists Conf.,
New Orleans (USA: IEEE) In press
[40] Rohr C, Abbott P, Ballard I, Connolly J P, Barnham K W, Nasi L, Fer-
rari C, Lazzarini L, Mazzer M and Roberts J 2002 Strain-compensated
ingaas/ingaas quantum well cell with 2µm band-edge 5th Conf. on Ther-
mophotovoltaic Generation of Electricity, Rome AIP Conf. Proc., ed T J
Coutts et al (Woodbury, New York: American Institute of Physics) To
be published
[41] Abbott P, Rohr C, Connolly J P, Ballard I, Barnham K W, Ginige R, Clarke
G, Nasi L and Mazzer M 2002 Characterisation of strain-compensated
InGaAs/InGaAs quantum well cells for TPV applications 5th Conf. on
Thermophotovoltaic Generation of Electricity, Rome AIP Conf. Proc., ed
T J Coutts et al (Woodbury, New York: American Institute of Physics)
To be published
[42] Ballard I 1999 Electrical And Optical Characterisation Of MQW Solar Cells
Under Elevated Temperatures And Illumination Levels Ph.D. thesis Im-
perial College, University of London
[43] Rohr C 2000 InGaAsP Quantum Well Cells for Thermophotovoltaic Appli-
cations Ph.D. thesis Imperial College, University of London
[44] Ballard I, Barnham K W J, Connolly J P, Nelson J, Rohr C, Roberts C,
Roberts J and Button C 2001 The effect of temperature on the efficiency
of multi quantum well cells for solar and thermophotovoltaic applications
Proc. 17th European Conf. and Exhibition on PV Solar Energy, Munich
(Munich and Florence: WIP and ETA) pp 41–44
[45] Matthews J W and Blakeslee A E 1976 Defects in epitaxial multilayers (III)
J. Crystal Growth 32 265–273
[46] Ekins-Daukes N, Kawaguchi K and Zhang J 2002 Strain-balanced criteria
for multiple quantum well structures and its signature in X-ray rocking
Conclusions 18
curves Crystal Growth & Design 2 287–292
[47] Nasi L, Ferrari C, Lazzarini L, Salviati G, Tundo S, Mazzer M, Clarke G and
Rohr C 2002 Extended defects in InGaAs/InGaAs strain-balanced multi-
ple quantum wells for photovoltaic applications J. of Physics: Condensed
Matter 14 13367–13373
[48] Fan J, Tsaur B and Palm B 1982 Optimal design of high-efficiency tandem
cells Proc. 16th PV Specialists Conf., San Diego (USA: IEEE) p 692
[49] Kurtz S, Faine P and Olson J 1990 Modeling of 2-junction, series-connected
tandem solar-cells using top-cell thickness as an adjustable-parameter J.
Appl. Phys. 68 1890–1895
[50] Hoffman R, Fatemi N, Stan M, Jenkins P and Weizer V 1998 High efficiency
InGaAs on GaAs devices for monolithic multi-junction solar cell applica-
tions Proc. 2nd World Conf. and Exhibition on Photovoltaic Solar Energy
Conversion, Vienna (Ispra, Italy: European Commission) pp 3604–3608
[51] Dimroth F, Beckert R, Meusel M, Schubert U and Bett A 2001 Metamorphic
GaInP/GaInAs tandem solar cells for space and for terrestrial concentra-
tor applications at C>1000 suns Prog. Photovolt. Res. Appl. 9 165–178
[52] Freundlich A Multi-quantum well tandem solar cell U.S. Patent 6,147,296
[53] Freundlich A Multi-quantum well tandem solar cell, cont. U.S. Patent
6,372,980
[54] Bushnell D B, Barnham K W J, Connolly J P, Ekins-Daukes N J, Airey R,
Hill G and Roberts J S 2002 Light-trapping structures for multi-quantum
well solar cells Proc. 29th IEEE PV Specialists Conf., New Orleans (USA:
IEEE) In press
[55] Fatemi N S, Sharps P R, Stan M A, Aiken D J, Clevenger B and Hou H Q
2002 Radiation-hard high-efficiency multi-junction solar cells for commer-
cial space applications Proc. 17th European Conf. and Exhibition on PV
Solar Energy, Munich (Munich and Florence: WIP and ETA) pp 2155–
2158
[56] Coutts T J 1999 A review of progress in thermophotovoltaic generation of
electricity Renewable and Sustainable Energy Reviews 3 77–184
[57] Barnham K W, Connolly J P and Rohr C, ed 2003 Special issue: Ther-
mophotovoltaics Semiconductor Science and Technology (Bristol: Insti-
tute of Physics Publishing) To be published
[58] Connolly J P and Rohr C 2003 Quantum well cells for thermophotovoltaics
Semiconductor Science and Technology Special issue: Thermophoto-
voltaics, ed K W Barnham, J P Connolly and C Rohr (Bristol: Institute
of Physics Publishing) To be published
[59] Freundlich A Quantum well thermophotovoltaic convertor U.S. Patent
6,150,604
[60] Palfinger G, Bitnar B, Sigg H, Mu¨ller E, Stutz S and Gru¨tzmacher D 2002
Absorption measurement of strained SiGe nanostructures deposited by
UHV-CVD Physica E: Low-dimensional Systems and Nanostructures In
press
